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ABSTRACT
j3-Methylaspartase (L-threo-3-methylaspartate ammonialyase, EC 4.3.1.2) is a globular, sulfhydryl enzyme of
molecular weight approximately 100,000 and consists of four
subunits per mole.

The purpose of this work was to deter

mine whether the subunits are identical or not.

In addition,

the active center peptide was isolated and characterized.
In this study, the number of distinctly different -SH
groups was determined by total labeling of the -SH groups
with 1-C^-N-ethylmaleimide

(C-^-NEM) followed by tryptic

digestion, cation exchange and Sephadex chromatography.
•Eight radioactive sulfhydryl-containing peptides per mole
of enzyme were counted.

Diagonal electrophoresis of the

performic acid-oxidized tryptic peptides of the enzyme pro
vided evidence that there were no disulfide bridges present.
The total sulfhydryl content was found to be 15 -SH per mole
by amino acid analysis.

The involvement of a single

sulfhydryl group per active center (2 per mole) was confirmed
by differential labeling of the substrate-binding -SH with
C^-NEM.
technique.

Only one peptide was labeled with C^^-NEM by this
Inactivation of the enzyme by p-chloromercuri-

benzoate (pCMB) further supported the essentiality of the

sulfhydryl group(s) in catalysis as well as indicating the
presence of two active centers per mole of enzyme.

After

uptake of 2 moles of pCMB per mole of enzyme, all activity
was lost.
Polyacrylamide gel electrophoresis of the dissociation
products of the enzyme indicated that pCMB dissociated the
enzyme into dimers, which further dissociated into monomers
as the concentration of pCMB was increased.

Dissociation of

j3-methylaspartase by urea, guanidine hydrochloride and heat
also yielded monomers, but they appeared to be more extensively
unfolded and extended than their counterparts obtained with
pCMB treatment.
Mappings of the tryptic digest of /3-methylaspartase
by paper chromatography in conjunction with high voltage
electrophoresis disclosed that there were no more than 60
peptides obtained by this method although it is known that
the enzyme contained 112 to 120 lysine plus arginine residues.
Based on the above evidence, it is concluded that
/3-methylaspartase is a tetramer consisting of two identical
dimers (protomers) which, in turn, consist of two non-identi
cal monomers of similar molecular size and charge density.
Since there was only one N-terminal residue, methionine, as
detected by Edman degradation, it was assumed that the Nterminal amino acid of the other monomer was either unreactive
or it was also methionine.

x

Amino acid analyses of the active center peptide
m

derived from two independent experiments employing
different denaturation, tryptic digestion and purification
techniques yielded identical results.

Both showed that

there were two lysyl, two arginyl, and thirty-five to
thirty-eight other amino acid residues present in the
peptides.

This unforeseen result was attributed to the

rather unusual primary structure of the oligopeptide
around the active center.

Neither histidine nor serine was

present, therefore, the participation of an imidazole or a
hydroxyl group in catalysis was considered to be unlikely.

INTRODUCTION
j3~Methylaspartase (E.C. 4.3.1.2), which catalyzes the
reversible conversion of L-j3-methylaspartate to mesaconate
and ammonium ion, was first discovered by Barker in 1955 in
the sonic extract of Clostridium tetanomorphum.

This enzyme

has been purified to an electrophoretically and ultracentrifugally homogeneous preparation.

Its mechanism of

action, metal cofactors, essential sulfhydryl functional
group(s) and chemical and physical properties have been
extensively studied.
It is well known that many proteins contain more than
one kind of polypeptide chain.

As a protein with a molecular

weight of 100,000, j3~methylaspartase has been reported to be
a tetramer which dissociates into two dimers in the presence
of urea or guanidine hydrochloride, and dissociates into
four monomers in the presence of p-chloromercuribenzoate.
The nature of the dimer and the monomer, however, is
virtually unknown.
j3-Methylaspartase has been characterized as a sulf
hydryl enzyme with a total sulfhydryl content of 13 to 20
residues per molecule as determined by different techniques.
Although indirect evidence argues against the existence of

1
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any disulfide linkage, no direct proof against the existence
of such linkage has been offered to date.
Reaction mechanism and photooxidation studies have
indicated the direct involvement of sulfhydryl group(s) at
the active center of the enzyme.

Solid evidence for the

essentiality of this sulfhydryl group(s) would be provided
by isolating a sulfhydryl-containing peptide from the enzyme
active center.
In this study, attempts have been made to determine
the number of active sites per tetramer, the nature of the
subunits and the dissociation of the enzyme under different
conditions.

The total sulfhydryl content has been deter

mined by a method more reliable than those previously used,
and the absence of disulfide linkage has been ascertained.
The amino acid composition of the active center peptide has
been analyzed after its isolation from the tryptic digest of
the enzyme whose active center was selectively labeled with
1-C^-N-ethylmaleimide.

SELECTED LITERATURE REVIEW
The pertinent literature citations have been grouped
into five categories and will be reviewed in this sequence:
(A) Discovery, isolation and purification of the enzyme;
General chemical and physical properties of the enzyme;
/3-Methylaspart.ase as a sulfhydryl enzyme;

(B)
(C)

(D) Counting of

sulfhydryl groups in proteins, and (E) Labeling of the
substrate-binding site of the enzyme.

A.

Discovery, Isolation and Purification of the Enzyme
The glutamate pathway of Clostridium tetanomorphum was

first discovered by Barker et. al.

(1).

An extract of cells

grown on glutamate fermented glutamate rapidly to mesaconate
and ammonia in the presence of a,a'-dipyridyl which inhibited
the conversion of mesaconate to acetate and pyruvate through
the intermediate citramalate (2,3).

During the course of

these studies, it was found that glutamate w a s first trans
formed to L-threo-/3~methylaspartate, and that the enzyme
/3-methylaspartase was responsible for the reversible deamina
tion of L-/3-methylaspartate to mesaconate and ammonia.

This

reaction is also catalyzed by another deaminase discovered
by Williams and Traynham (4) in the sonic lysates of
Bacterium cadaveris.

These two enzyme preparations were
3

4
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COO'

\/
c

H+N - C - H

li

H - C - CH

3

COO“

C
/ \
OOC
CH3

nearly identical in physical and chemical characteristics as
well as kinetic and thermodynamic properties.

The only

difference found was their response to certain divalent metal
ions (5) .
Treatment of the cell-free extract of Clostridium
tetanomorphum with charcoal Nuchar C190 removed L-glutamate
mutase, the enzyme catalyzing the reversible conversion of
glutamate to /3-methylaspartate.

/3-Methylaspartase could then

be isolated and purified 50-fold (specific activity 218 at
pH 9.7) in 50% yield by protamine sulfate treatment, ammonium
sulfate precipitation, ethanol fractionation and DEAEcellulose column chromatography (6).

A modified purification

procedure involving heat treatment, protamine treatment,
Sephadex G-100 fractionation and DEAE-Sephadex A-50 chroma
tography was developed by Hsiang and Bright (7).

This

modified method yielded an electrophoretically pure enzyme
in about 50% yield with a specific activity of 280 at pH 9.7,
a 60-fold purification.

The latter method is more rapid.

B.

General Chemical and Physical Properties of the Enzyme
/3~Methylaspartase is a very stable enzyme.

It may be

stored at -14°C. at pH 6.5 to 8.0 for several months without
appreciable loss of activity.
observed at pH 9.7 at 55°C.

Its highest activity was
The activity, however, begins

to decline rapidly above this temperature (6).
The purified /3-methylaspartase has a typical ultra
violet absorption spectum with a peak at 277 m^ and a minimum
at 253 m^.

The molar extinction coefficient of the enzyme is

5.63 x 10^ cm"’*'.

The molar turnover number at pH 9.7 with

Mg++ and K* as activators is found to be 650 sec-’*'.
Preliminary studies had shown that the molecular
weight of the enzyme was of the order of 60,000-80,000 (8).
Hsiang and Bright (7) have recently reported z-average
O
molecular weight of 100.75 Hh 2.43 x 10 , a number-average
O
molecular weight of 96.85 + 2.62 x 10 and a weight-average
molecular weight of 97.78 _+ 2.78 X 10^.

They have also

determined the sedimentation coefficient to be S° q
under several different conditions.

w

= 6.05

The fact that the

sedimentation coefficient exhibits only a slight concentra
tion dependence suggests that the enzyme is a compact
globular molecule.
Hsiang and Bright (7) also reported that they were
preparing a manuscript describing the dissociation of
/3-methylaspartase to a dimer in the presence of guanidine
hydrochloride or urea, as well as the dissociation of the
enzyme into four monomers in the presence of

p-chloromercuribenzoate (pCMB) .
The amino acid composition of /3-methylaspartase was
first reported by Williams and Libano (9) .

The protein con

tained 491 amino acid residues based on an assumed molecular
weight of 60,000 (calculated from S 2 0 only).

Similar anal

yses performed later by Hsiang and Bright (7) showed a total
of 894 amino acid residues with 87 residues of ammonia based
on a total molecular weight of 100,000 (determined by sedi
mentation equilibrium).

This total also included 4 tryptophan

residues determined by spectrophotometric techniques. .The
half-cystine content of the enzyme is intimately related to
its catalytic properties and is therefore discussed
separately in the section immediately following.
C.

/3-Methylaspartase as a Sulfhydryl Enzyme
Williams and Selbin (10) were the first to suggest

from inhibitor studies that cysteinyl or tyrosyl groups might
be involved at the catalytic site of /3-methylaspartase.

The

enzyme pH profile also was suggestive of histidine, tyrosine
and/or cysteine dissociation.

Studies on the mechanism of

the /3-methylaspartase reaction by means of deuterium exchange
(11)

as well as investigation of the metal-activation

mechanism (12) led Bright to propose the essential nature of
sulfhydryl participation in catalysis.

However, -SH was not

believed to be involved in metal binding.

Bright has shown

kinetically that both in the forward and the reverse reactions,
the order of binding of substrate and divalent metal

activator follow a random order, rapid equilibrium mechanism
(12).

He theorized (13) that in the formation of an enzyme-

M*+ -substrate ternary complex, the M ++ complexes with the
j3-carboxyl group of the substrate and, therefore, the j3proton is activated and then abstracted by a base at the
active site' of the enzyme with the formation of a j3-carbanion
as shown below:

BH

r

+M ^ C — C
I
CH3

M

C
I

/°\

V NHl

N'CH3V»

nh*

BH'1

'BH
NH-

C—

M,++

+M /
+ MES + NH-

-- C'
I

CH:

In the above studies by Bright, the base (nucleophile)
at the enzyme active center was proposed to be the -S“ group
of a cysteinyl residue.
by Williams and Libano

This theory was further substantiated
(9,14) by photooxidation techniques as

well as by inhibition studies with N-ethylmaleimide

(NEM) .

They found that photooxidation of enzyme with methylene blue

as sensitizer yielded nearly identical rate constants both
for the enzyme activity loss and enzyme -SH destruction.

The

enzyme was inactivated by NEM; however, preincubation of the
enzyme with substrate or a pseudo-substrate protected the
enzyme from inactivation to different extents.

They concluded

that sulfhydryl group was involved in catalysis and that it
was situated near the /3~carbon atom of the substrate in the
enzyme-substrate complex.
The total number of sulfhydryl groups in /3-methyl
aspartase has been reported to be 13 (9) and 20 (7).

The

discrepancy in these results can be attributed to experimental
difficulties in accurate -SH determination as described in
the following section.
D.

Counting of Sulfhydryl Groups in Proteins
The -SH groups of protein have been intensively studied

with regard to their reactivity and influence in biological
activities.

The number of -SH groups in a protein may be

determined by a number of methods.

It is well known that

the behavior of the -SH groups toward the various reagents
differs widely with the protein.

Some -SH groups in the

native polypeptide react readily, others may react with more
powerful reagents such as p-chloromercuribenzoate (pCMB) and
organic arsenicals.

There are still other -SH groups which

remain so well protected in the native state that they can
be detected only after denaturation.

Therefore, it is

possible to characterize a protein by its available and total
-SH content.

Generally speaking, three types of reagents have been
used for the estimation of -SH groups:

oxidizing agents,

mercaptide-forming agents and alkylating agents.

Amino acid

analyses of a protein hydrolysate give the total cysteine
and cystine content of the protein.

If the number of -S-S-

groups is known independently, the -SH content can be
•obtained by difference.
Oxidizing agents such as ferricyanide, iodine,
iodosobenzoate and cystine have been used (15).

However,

with the exception of cystine, no oxidizing agent is specific
for the detection of -SH groups in proteins, for there are
other oxidation-sensitive side chains in the protein mole
cule, e.g., p-OH-phenyl, indole and hydroxymethyl.

With

strong oxidizing agents, the oxidation of -SH can proceed to
the sulfonic acid stage.

Sulfhydryl groups can be oxidized

to disulfide bridges only if they are sterically free to do
so.

The lack of specificity has made the use of some

oxidizing agents somewhat less preferable than others for
analytical determination.
Many mercaptide-forming agents such as AgNOg, and
p-chloromercuribenzoate have been successfully employed in
-SH determination.

p-Chloromercuribenzoate combines quickly

with all free reacting -SH groups of native protein, and
with some sluggish -SH groups as well.

Boyer (16) employed

a spectrophotometric procedure to determine the thiol content
of proteins.
bance at 250

His method is based on the increase in absor
mjj,

at pH 4.6 or 7.0 which accompanies mercaptide
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formation.

This method is considered to be rather specific

for -SH groups although pCMB is known to react with groups
on protein other than -SH groups

(17).

A quantitative study

on mercaptide formation with cysteine, GSH and related com
pounds was contributed by Stricks and Holthoff _et al.

(18).

Important structural aspects may be demonstrated by
the graded reactivity of a protein toward various mercaptideforming agents.

Ingram (19) has shown that combination of

certain -SH groups of hemoglobin with one mercuric residue
will block the reaction of 2 -SH groups with Ag+ .

The

explanation was that the Hg++ reacts with 2 adjacent -SH
groups and sterically blocks the approach of the Ag+ to the
second -SH.

In this case, it is evident that the number of

molecules of a mercurial-bound-derivative may not equal the
number of -SH groups present.

Furthermore, the total

increase in ultraviolet absorption in the 250 m/z region
accompanying mercaptide formation may vary with different
proteins and possibly with different -SH groups on the same
protein

(20,21).

Hsiang and Bright have attempted to

determine the -SH content of j3-methylaspartase by pCMB
titration (7).

They found about 14 cysteine residues in 10

hours, 15 in 20 hours, 16 in 30 hours and 18 in 72 hours
when 3.08 x 10*”® M enzyme was exposed to 8.11 x 10” ® M pCMB.
The result from two experiments showed a minimal -SH number
of 16.3 +_ 1.7 cysteine residues, four of which reacted
rapidly.
Another group of reagents for -SH group determination

11
is the alkylating agents, among which maleimide and iodoacetate have been most commonly used.

N-ethylmaleimide

(NEM)

was suggested by the pioneer studies of Friedmann who showed
that it reacts instantaneously and quantitatively at pH 7.4
with GSH to give a saturated adduct.

Robert and Rouser

(22)

adapted the procedure as a rapid spectrophotometric assay
for -SH groups.

By working at 300

icijj,,

the interference due

to chromagenic groups in protein is minimized.
is required to obtain a stoichiometric reaction.
sensitivity is high.

Excess NEM
The

One ^mole of cysteine per ml gives an

absorbance of 0.6.
Since the reaction of NEM with the -SH groups of
proteins is much slower than its reaction with the thiol
groups of cysteine, the specificity of NEM has been studied
by several investigators

(23,24,25).

It has been found that

NEM also reacts with the a-amino group of peptides, the
imidazole group of histidine and the a-amino group of some
amino acids.

The reaction between NEM and Qj-amino group of

peptides takes place under mild conditions and at significant
rates compared with those observed for the reactions of NEM
with some proteins.

For masked -SH groups in protein, NEM

shows little affinity.

Native ovalbumin did not react with

NEM, but when denatured with Duponol 2, 2.2 moles of NEM
reacted in 15 minutes

(26).

Robert and Rouser (22) showed

that cysteine required 2 minutes to react with NEM whereas
bovine serum albumin required 55 minutes.

Ficin, a

proteolytic enzyme in the latex of the fig tree, reacted

12
with 1 mole of NEM with loss of activity (27), but in the
presence of the denaturant, sodium dodecyl sulfate, 2 moles
of NEM per mole of ficin reacted.

Potato amylase did not

react with NEM at pH 4.5 when its activity is maximal, but
at pH 8, four moles of NEM per mole of protein were bound
(28).

A more extensive investigation by Leslie (29) upon

the reaction of NEM with ovalbumin, j3-lactoglobulin and
bovine serum albumin led to the conclusion that NEM gives
*

acceptable result when used to determine the -SH groups in
proteins, provided the proteins are appropriately denatured.
A high degree of specificity of NEM toward -SH may be
exhibited when reaction mixtures are maintained around
neutrality, where the cysteine residue is mainly in the form
of HSRNH^t, and excess reagent is avoided.
By including guanidine hydrochloride as a denaturant
in the reaction mixture in the NEM titration experiment of
jB-methylaspartase, Hsiang and Bright (7) noted that the
decrease in absorbance at 300 mpi was completed in less than
6 minutes.

They calculated by extrapolation to zero time

that there were 16.09

+_

0.97 -SH groups per mole of enzyme.

Whether the enzyme contains any disulfide bridges is not
known at present (9).

Based mainly upon their work on

sulfhydryl group counting and the dissociation of the enzyme
by different denaturing agents, Hsiang and Bright (7) argued
against the existence of disulfide bridges though they do
not have direct evidence for either the presence or absence
of disulfide linkages.

13
If it is assumed that no disulfide bridges exist, the
half-cystine content of the protein as determined by MooreStein amino acid analysis would be equal to the total number
of -SH groups.

This has been reported to be 10 to 13 (7,9)

for samples not treated with performic acid and 20 (7) for
performic acid-oxidized sample as mentioned in the preceding
section.

The variation in these results emphasizes the need

for accurate -SH determination.
E.

Labeling of the Substrate-Binding Site of the Enzyme
The substrate-binding site, or the active center of

an enzyme, is defined as consisting of those arrangements of
functional groups, peptide linkages and hydrophobic regions
which belong to the enzyme protein and which are directly
involved in the construction of the transition state for the
chemical transformation catalyzed by the enzyme.

It deter

mines both the specificity and the catalytic activity, and
must be a structure of some complexity adapted to a fairly
close fitting of the substrate molecule.

The active center

may lie within one peptide chain; or it may be a pattern of
groups, extending transversely across two or more adjacent
peptide chains or sections of one folded chain.

The active

center of /3-methylaspartase has been identified as a region
of the enzyme containing an active -SH of a cysteine residue
(9,12,14) which lies near the /3-carbon atoms of the substrate
in the enzyme-substrate complex.

Further study on the

active center with synthetic alkylaspartates led Winkler and

14

Williams

(30) to suggest that the active region may have the

topology of an oblate spheroid and a size somewhat between
that of j3-isopropyl aspartate and /3-butyl aspartate.
Labeling techniques and the identification of the
active center of an enzyme have been reviewed by Koshland
(31) and by Singer (32).

If, during the course of an enzyme

reaction, any kinetically and thermodynamically stable
enzyme-substrate intermediate is formed, then the substrate
itself or a quasi-substrate may be used as a labeling agent,
as in the case of phosphoglucomutase.

On the other hand, if

the existence of an intermediate is not indicated, advantage
may be taken of a specific amino acid reagent, preferably a
radioactive compound, which will react with a particular
amino acid residue on the active center.
For the labeling of the essential sulfhydryl peptide
at the active center of an enzyme, iodoacetate (33),
N-(4-dimethylamino-3,5-dinitrophenyl) maleimide (DDEM)

(34,35,

36), N- (N-acetyl-4-(^S)-sulphamoylphenyl) maleimide (37),
1-C^4-NEM (38,39,40) and others have been successfully
employed.

The labeled proteins were later, hydrolyzed by

proteolytic enzymes and the peptide of interest was isolated
and purified by techniques such as ion exchange chromatography,
high voltage electrophoresis and paper chromatography.

MATERIALS AND METHODS

A.

Special Chemicals
The chemicals used are listed in Table I.

1-C^-N-ethylmaleimide purchased from Schwarz BioResearch
Incorporation was in 50% ethanol and that from New England
Nuclear Corporation was in hexane solution.

The former was

found to be over 94% pure radiochemically and had a specific
activity of 2.9 mC/mM.

The latter product had a similar

purity, and a specific activity of either 1.25 or 1.0 mC/mM.
They were checked for chemical decomposition immediately
before use by spectrophotometric method.

The molar extinc

tion coefficient at 300 mpi and pH 7.0 is 630.
Salt-free trypsin, 2X crystallized, was the highest
grade available commercially.
180 units per mg.

It had a listed activity of

Cation exchange resin had a listed

capacity of 0.7 meq/ml of resin bed.
The 20 different PTH-amino acid standards, when tested
by paper or glass-paper chromatography, each showed only a
single spot.

Methylcellosolve gave a negative reaction when

it was checked for the possible presence of peroxide.
All other chemicals were commercial products of
reagent grade, and were used as such without further purifi
cation .
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TABLE I
LIST OF MATERIALS
Material
Aminex 50W-X2, cation exchange resin
Bovine serum albumin, crystalline
Charcoal Nuchar C-190, activated
p-Chloromercuribenzoic acid (PCMB)
Cyanogum
2,5-Diphenyloxazole (PPO)
Ethylenediaminetetraacetic acid (EDTA)
N-Ethylmaleimide, nonradioactive (NEM)
N-Ethylmaleimide-1-Cl4
N-Ethylma 1 eimide- 1 -C14
Guanidine hydrochloride, A grade
2-Mercaptoethanol, type 1
Methylcellosolve, peroxide free
DL /3-Methylaspartic acid
Ninhydrin
2,2-p-Phenylenebis-(5-phenyloxazole) (POPOP)
Phenyl isothiocyanate
Phenylthiohydantoin amino acids (PTH-amino acid)
Protamine sulfate
Sephadex G-25
Sodium lauryl sulfate, U.S.P.
Tris-(hydroxymethyl)-aminomethane (Tris)
Trypsin, 2X, salt free

Supplier
Bio-Rad Laboratories
Nutritional Biochemicals Corp.
Metheson Coleman & Bell
Nutritional Biochemicals Corp.
E. C. Apparatus Corporation
Packard Instrument Company
Fisher Scientific Company
Nutritional Biochemicals Corp.
New England Nuclear Corporation
Schwarz BioResearch, Inc.
Calbiochem
Sigma Chemical Company
Union Carbide Chemical Co.
Nutritional Biochemicals Corp.
Nutritional Biochemicals Corp.
Packard Instrument Company
Metheson Coleman & Bell
Nutritional Biochemicals Corp.
Mann Research Laboratories, Inc.
Pharmacia Fine Chemicals I n c .
Fisher Scientific Company
Sigma Chemical Company
Worthington Biochemical Corp.
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B.

Isolation and Purification of the Enzyme
/3-Methylaspartase was isolated from Clostridium

"

tetanomorphum HI, obtained from Dr. H. A. Barker, Department
of Biochemistry, University of California, Berkeley.

This

organism was cultured according to the established procedures
(6).

After 16 hours at 37°C. the culture in the test tube

was used as an approximate 10% inoculum of a large flask.
Two consecutive transfers following a 16-hour incubation
period were performed maintaining the 10% inoculum procedure
until the final volume of medium obtained was approximately
12 liters.
Approximately sixty-five grams of wet cells were
obtained from two thirteen-liter carboys by centrifugation
in a Sharpies Super Centrifuge.

The purification of the

enzyme was accomplished by the method of Barker, Smyth,
Bright and Ingraham (41) with minor modifications.

In all

steps requiring centrifugation at a certain temperature, a
Servall RC 2-B Refrigerated Centrifuge was used.

The

cellular suspension was disrupted in a Branson Sonifier,
Model LS 75, for seven twenty-second intervals for 160 ml to
180 ml of suspension at 0°C.

The use of corundum powder was

omitted, but 10% more protamine sulfate than the amount
specified by Barker was added to the enzyme solution after
activated charcoal treatment.

The degree of saturation in

the ammonium sulfate and alcohol fractionation steps were
slightly altered.

The latter was done at -20°C. with the aid

of an ice-dry ice-methanol bath since a simple ice-ethanol
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bath could maintain a temperature of -20°C. only with diffi
culty.

The time required for each step, especially the

ethanol step, was rigidly controlled in order that repro
ducible results might be obtained.

It was found that, under

these conditions, an electrophoretically and ultracentrifugally homogeneous enzyme was obtained in reasonable yield,
making further purification with DEAE-cellulose column
chromatography unnecessary.
C.

Determination of the Enzyme Purity
The purity of j5-methylaspartase after ethanol frac

tionation was checked by EC 470 Vertical Polyacrylamide Gel
Electrophoresis or Canalco Model 12 Disc Electrophoresis and,
occasionally, by sedimentation in the Beckman Spinco Model
E Analytical Ultracentrifuge.
For vertical gel electrophoresis, a 6.5% Cyanogum gel
in 0.04 M, pH 6.5 phosphate buffer was found to give the most
satisfactory result.

Electrophoresis at pH 8.2 phosphate

buffer and pH 9.4 Tris buffer were also performed on some of
the purified enzymes.

The voltage employed was 150 volts,

and the current observed ranged from 100 to 110 mA.

After 9

hours, the gel slab was removed from the compartment and
stained with Amido Black 10B for 30 minutes.

Finally, the

gel was destained in a circulating methanol-acetic acid-water
tank for 36 hours.

The amount of enzyme used was 50 to 250

jig contained in a volume of 10 to 50 jt1 depending upon the
width of the sample slot and the concentration of the enzyme
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solution.

Before application, the enzyme solution was mixed

with a small drop of saturated sucrose solution containing
bromophenol blue so that the final enzyme solution had a
higher density than the buffer and would sink quickly in the
sample- slot through the buffer.

The blue color gave the

sample sufficient visibility which aided the pipetting as
well as serving as a marker.
The disc electrophoresis was performed at pH 9.5 as
described in the manufacturer's booklet.
of enzyme was used for each column.

Ten to twenty ^g

Disc electrophoresis

was run at constant current supplied by a Beckman Moden CPD
Constate Power Supply.

The milliamperage was so adjusted

that each column carried 4 to 5 mA.
The sedimentation velocity experiment was carried out
using a double-sector cell and Schlieren optics.

The temper

ature was controlled at 20°C. and the speed at 56,000 rpm.
Schlieren patterns were photographed at intervals using
Kodak metallographic plates at a 60° bar angle.
D.

Determination of Enzyme Concentration and Activity
The protein concentration was determined by the Exton

turbidimetric method (42) for gross estimations and by the
Lowry method (43) for samples with low protein concentrations.
A Klett-Summerson photoelectric colorimeter was used to read
absorbance throughout.

The standard calibration curves were

determined with crystalline bovine serum albumin which had
been desiccated over P2°5 “or ^2 hours.
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The rate of mesaconate production at 240

mfj,

was

measured on a Beckman DB Spectrophotometer with Sargent
Model SR recorder, 1 mV full scale, with the use of a Poly
science Model F

Constant Temperature Circulator to maintain

the temperature at 25°C.

The 1 cm path sample cell con

tained 2.9 ml of assay mixture composed of the following:
1.0
0.3
0.3
0.3
0.1
0.9

ml
ml
ml
ml
ml
ml

0.1 M Tris buffer, pH 8.2
0.1 M DL /3-methylaspartate, pH 8.2
0.01 M MgS04
0.1 M KCl
0.001 M EDTA
distilled water

To the mixture in the sample, 0.1 ml of properly diluted
enzyme solution was added and the contents thoroughly mixed.
The increase in absorbance was recorded against an assay
mixture without enzyme in the reference cell.

The specific

activity of the enzyme was calculated according to the
following equation:

Specific Activity = ■3-e5"-x kg protein'per ml of
final assay solution
where 3.85 is the millimolar extinction coefficient of
mesaconate.

The dilution factor for a purified enzyme

normally ranged from 15,000 to 21,000.

The specific activity

obtained by this assay method (pH 8.2) corresponds to approxi
mately 63% of that obtained by Barker's assay system (pH 9.7)

(6 ,10).
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E. Chemical and Physical Treatment of the
Enzyme for Electrophoresis Study
In all experiments, a pooled enzyme preparation con
taining 7.07 mg of protein per ml was used.

After 90 minutes

incubation at room temperature with the freshly prepared
denaturing agent, the sample was introduced as such, or, in
few cases, dialyzed against 0.01 M, pH 7.0 phosphate buffer,
into the sample slot of the gel slab.

The procedure for

electrophoresis is described elsewhere in this report.

In

no case was the denaturing agent incorporated in the gel.
Urea.

To 0.1 ml of enzyme solution,

0.1 ml or 0.2 ml

of 12 M urea solution was added to make a final concentra«

tion of 6 M or 8 M with respect to urea.

The treated enzyme

was applied onto the gel slab as such or after being dialyzed
against buffer.
Guanidine hydrochloride.

To 0.1 ml of enzyme solution,

0.1 or 0.2 ml of 6 M guanidine hydrochloride solution, pH
8.0, was added.

The final concentration was 3M or 4 M with

respect to the denaturing agent.
Sodium dodecyl sulfate.

To 0.1 ml of enzyme solution,

a calculated volume of 5% sodium dodecyl sulfate solution,
pH 7.0, was added.

The final concentration was 1.25% (0.06

M) or 2.50% (0.12 M) with respect to SDS.
p-Chloromercuribenzoate.
a calculated amount of 8 x

1 0

To 0.1 ml of enzyme solution,

“ ^ M pCMB solution, pH 7.0, was
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added.

The final concentration of pCMB was, respectively,

0.50-, 1.0-, 1.50-, 2.0-, 3.0-, 3.5-, 4.0-,

5.0-, 6.0-,

7.0-, 8.0-, 10.0-, 11.0-, 13.0-, 15.0- and 20.0-fold the
concentration of total sulfhydryl groups of the enzyme.

The

mixtures were incubated at room temperature for 30 minutes.
Heat treatment.

Undiluted enzyme solution as well as

10- or 15-fold diluted enzyme solution was placed in a 60°C.
or 100°C. water bath for 4 minutes and then cooled down to
room temperature before analysis.

Dilutions were made with

0.01 M, p H 7.8 phosphate buffer.
F.

Total Labeling of the Sulfhydryl Groups of

the Enzyme with l-C^-N-Ethylmaleimide

(NEM)

To 1.0-1.5 ml of enzyme solution containing 10 mg of
/3-methylaspartase in 0.01 M, pH 7.8, phosphate buffer was
added 0.8 mg. of 1 - C ^ - N S M dissolved in the same buffer.

A

saturated guanidine hydrochloride solution, pH 7.5, of volume
equal to that of the combined volumes of enzyme solution and
NEM was then added to the reaction vessel.

The mixture was

allowed to stand at'room temperature for 30 minutes after
which time mercaptoethanol was added to combine with
unreacted NEM/ and the solution was chromatographed through
a Sephadex G-15 column (1.2 x 80 cm) with 0.2 N acetic acid
as eluting solvent.

The flow rate was adjusted to approxi

mately 8 ml per hour, and 2 ml fractions were collected on
an automatic fraction collector.

The radioactivity of the

fractions was monitored by a Beckman Model LSII Liquid
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Scintillation System on every other tube.

The scintillation

liquid was a mixture of 20 parts of xylene and 9 parts of
ethanol containing 5 grams of 2,5-diphenyloxazole and 50 mg.
of 2,2-p-phenylenebis-(5-phenyloxazole) per liter (44).
The fractions which contained C-^-NEM labeled enzyme
>*'
were pooled, lyophilized and kept frozen.
For trial experiments as well as some peptide mapping
work, the enzyme was alkylated as above, but non-radioactive
NEM was used.
G.

Selective Labeling of Substrate-Binding Sulfhydryl

Group (s) with 1-C^-N-ethylmaleimide
To 5.7 ml of enzyme solution containing 40 mg (0.4 piM)
of j3-methylaspartase in 0.01 M, pH 7.8 phosphate buffer was
-added 0.2 ml of 0.5 M EDTA.

After 30 minutes, 5.7 ml of

N j3-methylaspartic acid, pH 7.8, was added and the mixture
was allowed to stand at room temperature for 30 minutes.
The exposed sulfhydryl groups were alkylated by the addition
of 0.2 ml of 0.1 M NEM (molar ratio 1:50).

The excess NEM

was made unreactive after 30 minutes by adding 60
M 2-mercaptoethanol.

fj,l

of 0.7

The solution was then dialyzed for 90

minutes at 0°C. against three 250 ml changes of 0.02 M,
pH 7.8 phosphate buffer containing 10~3 M EDTA and 5 x 10“ 3
M substrate.

It was then dialyzed for 5 hours against ten

1,500 ml changes of 0.01 M, pH 7.0 phosphate buffer containing
10“ 3 M MgS04 .
The labeling reagent, 1-C^-NEM, which was obtained

. 24
in hexane or 50% ethanol solution., was first placed in a
rotary evaporator, and the solvent removed at room temper
ature under a vacuum of approximately 150 mm.

The recovered

crystalline NEM was dissolved in a small but known volume of
water and its chemical purity was determined after appro
priate dilution with water in a Beckman DB spectrophotometer
at 300

mfx.

After assay, both diluted

NEM and the

undiluted C ^ - N E M solution were added to the enzyme solution
to make a molar ratio of enzyme:NEM 1:100.

The alkylation

of the sulfhydryl group(s) at the active center was allowed
to proceed at room temperature.

A small aliquot (10 ^1) was

withdrawn from the incubation mixture every three to five
minutes for the determination of the remaining enzymatic
activity.

Well in agreement with the results of trial

experiments with nonradioactive NEM, the enzyme was almost
completely inactivated in about 30 minutes with no sign of
precipitation.

A solution of 2-mercaptoethanol was added

immediately in quantity sufficient to inactivate twice the
amount of the NEM present in the mixture so that the possi
bility of NEM alkylation of groups other than the essential
sulfhydryl group(s) at the active center was reduced.

Next,

the solution was dialyzed exhaustively against 0.01 M, pH
7.0 phosphate buffer until no appreciable radioactivity was
detected in the dialyzing buffer, and was then dialyzed
against four 1-liter changes of distilled water for a total
of four hours.

The dialyzed enzyme s o l u t ionwas lyophilized

and stored frozen.

—_
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H.

Tryptic Digestion of the Labeled Enzyme
In each experiment, a freshly prepared trypsin solu

tion containing 4 mg trypsin per ml of water containing 10“ 3
M CaCl2 was used.

The labeled /3-methylaspartase was dis

solved in water at a concentration of about 4 mg per ml and
was denatured in boiling water for 15 minutes.

The pH of

the enzyme solution was adjusted and maintained at 7.8
continually by the addition of 0.2 N NaOH with a Coleman
Microtitrater.

Additions of trypsin (2.5% by weight) were

made initially and 2 hours later.

After 4 hours, the

digestion was terminated by the introduction of glacial
acetic acid to a pH of 2.5.

The sample was then centrifuged

for 30 minutes at 10,000 rpm to remove any precipitate.

In

most cases this was a very small amount and was later dis
carded.

The supernatant was then either lyophilized or

concentrated over NaOH pellets in a vacuum desiccator.
In one of the experiments, the C ^ - N E M labeled enzyme
was denatured by dialyzing against 2-fold volume of 6 M
guanidine hydrochloride solution containing nonradioactive
NEM for 12 hours and then dialyzed exhaustively against water
to remove guanidine hydrochloride and excess NEM.

The sample

was lyophilized and digested with trypsin as described above.
I.

Diagonal Electrophoresis for Detection

of Disulfide Bridge
The procedure developed by Brown and Hartley (45) was
used.

Tryptic digest of approximately 4 mg of
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/3-methylaspartase was streaked across the width on a 1.5 x
22 inch Whatman 3MM filter paper.

The position of the

sample application depended on the pH of the buffer to be
used in the following electrophoresis.

Electrophoresis in

first dimension was run at 2,400 volts for about 70 minutes
after which the paper was air dried.

The paper was then

incubated at room temperature in a large desiccator contain
ing a freshly prepared solution of 20 ml of concentrated
formic acid (98%) and 1 ml of 30% hydrogen peroxide in a
Petri dish.

The performic acid oxidation was allowed to

proceed for 2 ho u r s , and the paper was then taken out and
dried in a hood overnight.

The strip was stitched to the end

or.across the center of a full sheet of fresh filter paper
with a sewing machine.

In the latter case, the paper behind

the strip was cut out.

The new paper was electrophoresized

under the same conditions as the first one.

After drying,

the distribution of the peptides was examined by ninhydrin
staining.
J.

Peptide Mapping of the Tryptic Digest of the Enzyme
The tryptic digest after drying, was taken up in a

minimal volume of 10% acetic acid, and was mapped using the
following techniques.

An aliquot corresponding to about 2

mg of protein was applied as one spot at one corner of a full
sheet of Whatman 3MM filter paper.

Either n-butyl alcohol:

acetic acidjwater (60:15:25 v/v). or sec-butyl alcohol: formic
acid: water (70:9:21 v/v) was used as solvent for descending
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chromatography which normally took 12 hours.

The paper was

then air dried in a hood and subjected to high voltage
electrophoresis in the second dimension.

Gelman reference

dye RBY (red, blue and yellow) was spotted on the edge of
the paper as a marker.

Electrophoresis was carried out in a

Savant Varsol-cooled Lucite tank for about 75 minutes at a
potential of 45 volts per cm.

Either pH 3.6 pyridine:

acetate:water (1:10:289 v/v) or pH 6.5 pyridine:acetate:water
(10:0.4:90 v/v) buffer was used.

The peptide pattern was

detected by dipping the air-dried paper into 0.25% ninhydrin
in acetone.
When this technique was used for preparative purposes,
the sample was applied as a streak across the width of a 7.5
x 22 inch filter paper which was first subjected to electro
phoresis at pH 3.6 as above.
in a hood.

The paper was dried overnight

The electropherogram was then covered with a

sheet of Kodak KK X-ray film and kept in a cassette equipped
with lead sheetings on both sides.

After 48 to 72 hours in

a dark room, the film w a s developed and the position of the
radioactive peptide located.
In order to mark the radioautographs and to be able
to align them with the filter paper, the papers were marked
with a radioactive ink

(Radin

ink, Schwarz BioResearch

Inc.) before radioautography.
After radioautography, the corresponding band on the
I

paper was cut out, and sewn onto a fresh sheet of filter
paper.

Descending paper chromatography was then carried out
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as usual and another radioautograph was run on this chrom
atogram.

The radioactive band was cut out, eluted with 10%

acetic acid in a closed container overnight, and then con
centrated by lyophilization.
K.

Cation Exchange Chromatography

of the Tryptic Digest
Bio-Rad Aminex AG 50W-X2 cation exchange resin, 200325 mesh, was suspended in 2 liters of 0.4 N
alternatively and was washed

HC1 and NaOH

thoroughly with deionized water.

The resin was filtered dry and equilibrated with pH 3.1
buffer, and the slurry poured into a water-jacketed Pyrex
glass column of the dimensions 1.2 x 180 cm fitted with a
Manostate needle valve.
kept at 45°C.

The temperature of the column was

The packed resin bed was

then back-washed

with pH 3.1 buffer (46).
The apparatus for gradient elution consisted of two
500 ml aspirator bottles of nearly the same diameter.

One

served as a reservoir containing the higher concentration
buffer and the other served as mixing and feeding bottle
containing the lower concentration buffer.

These two bottles

were joined together at the bottom by Tygon tubing inside
which was inserted a piece of Teflon capillary so that the
convection and diffusion caused by concentration and density
gradients was minimized.

They were also connected at the top

by a T tube which in turn was linked to a nitrogen gas
cylinder so that both bottles were exposed to the same
nitrogen pressure while in operation.
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After the introduction of the peptide sample onto the
column, the elution was begun with pH 3.1 buffer in the
mixing bottle and a higher pH buffer in the reservoir (see
below).

Successive ranges of eluting power were obtained by

substituting a more concentrated buffer in both bottles.
The pH and ionic strength gradient of the eluents was
set up with different compositions of 0.2 M, pH 3.1 buffer
(64.5 ml pyridine and 1,114 ml acetic acid diluted to 4
liters); 2.0 M. pH 5.0 buffer (645 ml pyridine and 573 ml
acetic acid diluted to 4 liters) and 4.0 M, pH 5.6 buffer
(645 ml pyridine and 180 ml acetic acid diluted to 2 liters)
as shown in Table II.

TABLE II
COMPOSITION OF ELUTING BUFFERS FOR CATION
EXCHANGE CHROMATOGRAPHY
Number of
Tubes
Collected

1 - 6 6
67
149
281
311
351

-

148
280
310
350
380

Buffer in the Reservoir
Bottle
pH 3.1 pH 5.0 pH 5.6
ml
ml
ml

Buffer in the Mixing
Bottle
pH 3.1 pH 5.0 pH 5.6
ml
ml
ml

100

100

200

175

75
500

212
360

38
140

200
200
200 ml 2 N NaOH

The flow rate of the eluent was regulated by nitrogen
pressure.

Normally,

eight to ten pounds per square inch was

required to give a flow rate of 20 ml per hour.

The eluent

was collected on a Warner-Chilcott, Model 1205 Automatic
Fraction Collector via a 5 ml siphon head.
A 50* n 1 sample from the effluent fractions was with
drawn from every other tube; when a radioactive peak was
emerging, a sample was withdrawn from every tube and its
radioactivity checked.

The radioactive peptide chromato

graphic peaks were pooled accordingly.
L.

Determination of N-Terminal Amino Acid of Enzyme
The N-terminal amino acid of /3-methylaspartase was

determined by a modified Edman method as described by Bailey
(47) and by Schroeder _et ail. (48).

Approximately 0.03

/j,M

(3 mg) of enzyme was applied to four 1 x 6 cm strips of
Whatman No. 1 filter paper.

The strips were dried and then

wetted with a 20% solution of phenylisocyanate in dioxane.
Next, the papers were treated with alkali and then acidic
atmospheres and the resulting PTH amino acid was extracted
with acetone.

The extract was concentrated for identifica

tion by glass-paper chromatography using ascending technique
The glass-paper used was first silicated according to
Berenson and Dalferes

(49).

The unknown PTH amino acid was

spotted on the paper along with 18 different standard PTH
amino acids.

Two different solvent systems were used.

The

time required for chromatography was about 35 minutes.

The
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chromatogram was sprayed with sodium azide-iodine reagent
(50) and the unknown identified by comparison to the PTH
amino acid standards.
M.

Inactivation of the Enzyme by

p-Chloromer^uribenzoate (pCMB)
Since j3-methylaspartase has been classified as a
sulfhydryl enzyme, the number of -SH groups involved in
catalysis can theoretically be determined by calculating the
moles of a sulfhydryl labeling reagent covalently attached
per mole of protein if concomitant stoichiometric loss of
enzyme activity can be observed.
A 0-methylaspartase preparation was diluted with 0.01
M, pH 7.0, phosphate buffer to a final protein concentration
of 0.4 x 10“^ M.

The diluted enzyme solution was incubated

at room temperature with an equal volume of various concen
trations of pCMB solution so that the molar ratio of pCMB to
enzyme was 1:1, 1:2, 1:3, 1:4, 1:5, and 1:6, respectively.
After incubation, the enzymatic activity was assayed accord
ing to the procedure described in a previous section.

A

control sample was run by using buffer instead of pCMB
solution.
N.

Amino Acid Analysis
The lyophilized peptide was placed in a Pyrex glass

tube and 2 or 3 ml of 6 N HC1 was added.

The contents were

frozen in a dry ice bath after which a vacuum line was
attached and the tube evacuated to 30 microns Hg pressure or
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less.

The tube was then sealed under vacuum.

was carried out at 110 £ 1°C. for 72 hours.

Hydrolysis
After opening

of the tube, the solution was centrifuged to remove a trace
amount of sediment and the supernatant dried using a rotary
evaporator.
dried again.

The residue was twice washed with water and
A known volume of pH 2.2 sodium citrate buffer

was used to dissolve the dried film before analysis.
The amino acid composition of the hydrolyzed sample
was determined on either a Beckman Model 116 or Model 120
Amino Acid Analyzer.

For basic amino acids, a column of 0.9

x 23 cm containing Beckman PA-35 resin was used.

For acidic

and neutral amino acids, a column of 0.9 x 69 cm containing
Beckman UPv-30. resin was used.
55°C.

Both analyses were done at

The elution buffers employed were pH 5.25 sodium

citrate for basic amino acids and pH 3.25 followed by pH 4.30
citrate for acidic and neutral amino acids.

* EXPERIMENTAL RESULTS
A.

Enzyme Preparation and Its Purity
In order to determine the purification efficiency,

gel electrophoresis was run on samples after each purifica
tion step.

Meanwhile, a comparative study was made by

changing the degree of saturation in the ammonium sulfate
precipitation step and ethanol fractionation step so as to
find out the optimal conditions for purification.
A typical gel electrophoresis pattern is shown in
Figure 1.

Approximately half of the enzyme preparations

showed a fast moving band of negligible amount (Column 4 of
Figure 1).

These preparations were used only for substrate-

binding site experiments.
Better purification was achieved if 10% more protamine
sulfate solution than that specified by Barker (41) was added
to the charcoal treated solution.

The first ammonium sulfate

saturation was the same as Barker's, but the second satura
tion was lowered by 5% to 75% since it was found by gel
electrophoresis that the fraction precipitating between 75%
to 80% contained undesirable impurities.

The ethanol

fractionation was carried out between 64% and 75% instead of
58% to 75%.

Without any further purification step, the

enzyme was found to be electrophoretically. and
33

34

Figure 1
Vertical polyacrylamide gel electrophoretic pattern
of j3-methylaspartase after various stages of purification.
Conditions for electrophoresis:

pH 6.5; potential applied,

150 volts; current observed, 120 mA; time, 9 hours.
From right to left:
1. After charcoal treatment
2. After protamine sulfate precipitation
3. After ammonium sulfate treatment
4. and 5. After ethanol fractionation
The dotted line at the top is the origin.
intensity of the staining is represented by
cross-hatching.

The
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ultracentrifugally homogeneous as illustrated in Figure 1
(Column 5) and Figure 2.
It can be seen clearly from Figure 1 that the final
removal of the trace amount of impurities was accomplished
in the ethanol fractionation step.

Trial experiments have

proved that not only was the temperature important, but also
the time allocated for each component operation was critical.
In the ethanol fractionation, the time allocated for each
step was as follows:
1.

First alcohol saturation

5 minutes

2.

Centrifugation

8 minutes

3.

Second alcohol saturation

5 minutes

4.

Additional stirring

5 minutes

5.

Centrifugation

10 minutes.

The temperature was maintained at -20°C by a ice-dry
ice-methanol bath.

Ethanol to be added was precooled to

approximately -50°C. in a similar cold bath.

The temperature

of the reaction mixture was maintained constant as closely
as possible by adjusting the depth of immersion of the con
tainer in the cold bath by means of a laboratory jack.

Major

deviation from the conditions cited above would yield a final
enzyme preparation of lower purity and lower enzymatic
activity.
A typical purification protocol of the enzyme is shown
in Table III.

TABLE III
PURIFICATION OF /3-METHYLASPARTASE
Activity
Fraction

Volume
ml

Protein
mg/ml

Total
Protein
mg

Specific
Activity
unit/mg of
Protein

Total
Units
x 103

Yield

%

Recovery
Between
Steps

%

Crude
lysate

160

18.7

2992

7.9

23.6

Protamine
sulfate

208

8.1

1676

12.1

20.3

85.8

85.8

Ammonium
sulfate

56

10.5

592

27.5

16.3

68.9

80.3

3

7.9

278.1

6.6

27.8

60.3

Ethanol
Fractionation

23.6

100

(jj

00

Figure 2
Photographs of Schlieren patterns taken at 56,000 rpm at 20°C. in a
Spinco Model E ultracentrifuge.

Sedimentation is from left to right.

solvent is 0.1 M phosphate buffer, pH 7.8.
Left photo:

after 1 hour.

Right photo:

after 2 hours.

The

.
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B.

Dissociation of the Enzyme
Gel electrophoresis has proven to be a useful tech

nique in the determination of enzyme dissociation.

The

polyacrylamide gel electrophoretic patterns of j3-methylaspartase after different chemical and physical treatment
are shown in Figure 3.
It is interesting to note that the /3-methylaspartase
either treated with urea (dialyzed as well as not dialyzed
after treatment) or heated at 60°C. or 100°C., all showed
the same electrophoretic pattern.

The major band which had

a mobility of about 48% of that of the native enzyme was in
every case rather diffuse with no clear-cut boundaries.
There was always a small amount of undenatured protein
remaining as judged from its mobility.

Furthermore, there

was a minor amount of Amido-Black-lOB-positive material
precipitated at the origin, apparently due to the presence
of some insoluble protein caused by the treatment.
/3-Methylaspartase treated with different dissociating
agents seems to give differing degree of dissociation.

The

heat-treated undiluted enzyme, although not showing any indi
cation of precipitation by visual examination, nevertheless
precipitated completely in the sample slot of the gel slab.
When sodium dodecyl sulfate was used as denaturant,
the mobility of the treated protein was the same as that of
the native protein.

The concentration of SDS was either

1.25% or 2.50%.
With guanidine hydrochloride, nearly all the protein
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Figure 3
Electrophoretic patterns of /3-methylaspartase after
different treatment.

From right to left:

1.

Native enzyme

2.

6 M urea

3.

8 M urea

4.

Heated

at 60°C., diluted enzyme solution

5.

Heated

at 100°C., diluted enzyme solution

6.

pCMB (also see Figure 4)

7.

Sodium

dodecyl sulfate, 1.25%

8.

Sodium

dodecyl sulfate, 2.50%

9.
10.

Guanidine hydrochloride
Heated at 60°C. or 100°C., undiluted enzyme
solution

Dotted line represents the origin
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precipitated at the origin.

Only in one of the experiments

was there a barely visible, faintly stained band having a
mobility about 46% of that of the native enzyme observed.
It appears that the bands with mobilities of 46% and
48% of that of the native enzyme represent the same species.
The difference probably was due to the slightly different
conditions under which electrophoresis was carried out.
They are species of identical or nearly identical size and
charge density.
Enzyme treated with different concentrations of pCMB
showed quite different electrophoretic patterns (Figure 4).
When the molar ratio of pCMB to the total sulfhydryl content
of the enzyme ranged from 1.0- to 10.0-fold, two well-defined
bands always appeared, one of which moved faster with a
mobility of approximately 1.2 relative to that of native
enzyme, and the other, 0.8.

The ratio of these two was

approximately 3:1 at 1.0-fold pCMB, 1:1 at 2.0-fold, 1:3 at
3.5-fold, 1:9 at 6.0-fold, 1:18 at 8.0-fold, 1:25 at 10.0-fold.
The quantity of the fast-moving species decreases and that of
the slow-moving species increases as the concentration of
pCMB is increased.

At 13.0-, 15.0- and 20.0-fold pCMB, the

fast-moving band disappeared completely.

It is very likely

that the fast-moving band represents an intermediate species,
presumably a dimer structure, in the course of the trans
formation of /3-methy.laspartase into its basic monomer species.
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Figure 4
Representative gel electrophoretic patterns of the
j3-methylaspartase treated with different concentration of
p-chloromercuribenzoate.
slots at

top.

Samples were applied into the

The faint bands at right were the minor

amount of impurities of the enzyme preparation, which also
served as a reference point in calculating the relative
mobilities.
From right to left:
1. Control
2. and 3. Samples lost due to broken slots
4. Molar ratio pCMB/enzyme -SH = 1.5
5. Molar ratio pCMB/enzyme -SH = 3
6. Molar ratio pCMB/enzyme -SH = 4
7. Molar ratio pCMB/enzyme -SH = 6
8. Molar ratio pCMB/enzyme -SH = 8
9. Molar ratio pCI'iB/enzyme -SH = 10
10. Molar ratio pCMB/enzyme -SH = 13
11. Molar ratio pCMB/enzyme -SH = 15
12. Control
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C.

Tryptic Digestion ancl Peptide Mapping
Tryptic digestion of a 7 mg + 0.5 mg /3-methylaspartase

(Figure 5) resulted in the uptake of 0.2 N NaOH in four hours
corresponding to a cleavage of approximately 120 peptide
bonds per mole of enzyme.

This number is very close to the

total number of lysine and arginine residues as determined
from the amino acid analyses on the basis of a molecular
weight of 100,000.

About 80% of the total digestion occurred

during the first 25 minutes, and 95% in the first hour.
Descending paper chromatography using sec-butanol:
formic acidiwater (70:9:21) followed by high voltage electro
phoresis at pH 3.6 revealed 45 ninhydrin-positive peptide
spots of which 14 were very deeply colored (Figure 6).
size of many spots was relatively large.

The

When n-butanol:

acetic acid:water (60:15:25) was used for chromatography,
there were 55 spots of which 15 were deeply stained (Figure
7).

All spots were rather compact and distinctively separated

except three, which seemed to contain more than one peptide.
It is reasonable to conclude that the tryptic digest of
/3-methylaspartase contained at least 58 peptide components.
Trypsin is known to possess a narrowly restricted
specificity which limits action exclusively to bonds linking
the carboxyl group of lysine or arginine to an amino group
or to a hydroxyl group.

Therefore, with the knowledge of the

lysine and arginine content and the molecular weight of the
protein, the number of tryptic peptides furnishes highly
valuable information about the subunit structure (51,52).

47

Figure 5
A typical tryptic digestion profile of /3-methylaspartase at pH 7.8 and 38°C. 0.2 N NaOH was used to
maintain the pH at 7.8.

Additions of trypsin, 2.5% by

weight, were made at 0 hour and at 2 hours.
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Figure 6
Peptide map of tryptic digest of /3-methylaspartase.
Paper chromatography (sec-butyl alcohol:formic acid:water,
70:9:21, as solvent) followed by paper electrophoresis with
pyridine-acetate buffer, pH 3.6.

The resulting peptide

pattern was developed by 0.25% ninhydrin in acetone.
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Figure 7
Peptide map of tryptic digest of /3-methylaspartase.
Paper chromatography (butyl alcohol:acetic acid: water,
60:15:25, as solvent) followed by paper electrophoresis with
pyridine-acetate buffer, pH 3.6.

The resulting peptide

pattern was developed by 0.25% ninhydrin in acetone.
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Although it has been reported that most purified trypsin
preparation contains a~small "chymotrypsin-like" activity,
it is not likely that there was any unexpected peptide
fragment in peptide map shown in Figures 6 and 7, since the
amount of trypsin used was not considered in excess, nor was
the digestion prolonged.
D.

N~Terminal Amino Acid of the Enzyme
After Edman degradation, the N-terminal amino acid of

j3-methylaspartase was identified as methionine by glass-paper
chromatography with two different solvent systems.

Glass-

paper chromatography is a rapid and sensitive method of
identification since the whole process takes less than 40
minutes and a 0.5 jug PTH amino acid standard gives an easily
recognizable bleached spot on a dark background.

It also

offers an advantage in that possible misinterpretation may
be avoided.

Schroeder et al.

(48) pointed out that during

the benzene extraction, if the filter paper strip has been
dried too thoroughly, the side reaction product diphenylthiourea would not be completely extracted by benzene.
Diphenylthiourea can not be distinguished from PTH-methionine
in the paper chromatographic identification.

A trial experi

ment was done in which the paper strip was allowed to dry
very thoroughly before benzene extraction.

The resulting

PTH-anino acid was run on paper chromatography with solvent
system heptane:butanol:formic acid (80:40:80 v/v)

(50).

The

Rf values relative to glycine for methionine and diphenyl
thiourea was quite close to each other.

Yet on glass-paper
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with heptane:chloroform (1:1), the
3.95, respectively.

values were 1.91 and

The identification of N-terminal amino

acid was fufther substantiated by using a second solvent
system, n-heptane:chloroform: acetic acid (10:9:1), with
identical result
E.

(Figure 8).

Total Number of Sulfhydryl Groups of the Enzyme
The tryptic digest of l-C-^-NEM totally-labeled /3-

methylaspartase was chromatographed through a cation exchange
column (see method).

By monitoring the radioactivity of the

effluent fractions, it was found that there were seven major
radioactive peaks

(Figure 9 solid line curve) of compatible

sizes except peak 4 and 5.

After pooling and concentrating

the corresponding fractions, each sample was rechromato
graphed through Sephadex G-25 column, 1.2 x 80 cm, with
water as eluent.

Peak 1, 2, 3, 6, and 7 all gave a single

radioactive peak with nearly identical amounts of radio
activity.

In some cases, there was also a small peak ahead

or behind the main peak as shown in Figure 10.

This small

peak is undoubtedly due to contamination from the neighboring
peak(s).

Peak 4, although showing less radioactivity in the

elution pattern, also gave nearly the same amount of radio
activity as others as can be seen from Figure 10.

Peak 5

was resolved by Sephadex G-25 into two discrete peaks whose
radioactivity is also nearly the same as other individual
peaks as illustrated in Figure 11.
The half-cystine content of /3-methylaspartase has been
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Figure 8
Glass-paper chromatography of standard PTH-amino
acids and the N-terminal amino acid of j3-methylaspartase
after Edman degradation in solvent A:n-heptane:chloroform,
1:1 (top) and in solvent B:n-heptane:chloroform:acetic
acid, 10:9:1 (bottom).
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Figure 9
Elution pattern of tryptic peptides from a 1-C-^-NEM
labeled jB-methylaspartase on a column (1.2 x 180 cm) of
Aminex AG 50W-X2 cation exchange resins with pyridineacetate buffer.
enzyme.

Solid curve indicates totally labeled

Dotted curve indicates selectively labeled enzyme.

Solid line across the middle of the plot represents buffer
gradient (see Table II).
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Figure 10
Sephadex G-25 chromatography of 1 - C ^ - N E M labeled
tryptic peptide separated from cation exchange chromato
graphy.

Fractions of 2 ml were collected.

was used for radioactivity counting.
Dotted line:
Solid line:

Peak Number 3
Peak Number 4.
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Figure 11
Sephadex G-25 chromatography of Peak Number 5
separated from cation exchange chromatography.

This peak

was resolved into 2 peaks possessing approximately the same
amount of radioactivity.

Water was used as eluent.

62

400 n

Radioactivity

cpm / 100/i. 1

300 -

200

-

100

-

20

40
Tube Number

60

80

63
variably reported to be 13 and 20 residues per mole (100,000
mol. w t . ) (9,7).
The above method of -SH determination is believed to
be superior to NEM or pCMB photometric titration procedures,
since, by employing both radioactive labeling and ion exchange
chromatography, all C ^ - N E M labeled cysteine residues will
show a well-matched amount of radioactivity.

In addition,

the danger of misinterpretation of results is lessened,
because only those peaks appearing in the elution pattern in
a consistent fashion are taken into account.

The small

peaks, containing apparently much less radioactivity than
those showing nearly identical amounts of radioactivity, can
be ignored in -SH counting.

Such small peaks would not be

differentiated in spectrophotometric titration methods but
their additive effect on the change in the optical density
would be misinterpreted as representing the presence of
additional sulfhydryl groups.
F.

Selective Labeling of the Substrate-Binding

Sulfhydryl Group
Ion exchange chromatography of the tryptic digest of
selectively labeled /3-methylaspartase revealed one major
radioactive peak which fell exactly at the position of Peak
Number 5 in the total labeling experiment (Figure 9).

The

conditions under which the column chromatography was con
ducted were extremely carefully controlled so that the
results may be compared with that from the total labeling
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experiment.

It is evident that the sulfhydryl group at the

active center was preferentially and selectively alkylated
by C-^-NEM although there also appeared on the elution pat
tern some minor radioactive peaks.
was relatively low.

The total radioactivity

This was because the NEM used for this

active sulfhydryl labeling step after the removal of sub
strate consisted of only about 15% C ^ - N E M and the rest, non
radioactive NEM.
For successful labeling of the active center by radio
active reagent after saturation with the same non-radioactive. reagent, it is essential that (1) the active center
be effectively protected by the substrate;

(2) the exchange

of labeled reagent with non-radioactive reagent at previously
substituted positions be small;

(3) the protein not be

inactivated during the preliminary modification with non
radioactive amino acid reagent; and (4) activity be lost as
the active center becomes labeled (31).
The efficient protection, of the active center by the
substrate, /3-methylaspartic acid, against NEM has been
repeatedly demonstrated (9,14).

N-ethylmaleimide reacts

with sulfhydryl groups of the cysteine residue to form a
stable thioether bond which remains intact even after
hydrolysis in 6 N hydrochloric acid at 110°C. for 72 hours
(24).

After the modification of /3-methylaspartase by non

radioactive NEM, mercaptoethanol was added to the reaction
mixture so that the excess NEM was rapidly rendered unre
active.

The enzyme was found in every case to be fully
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active after prolonged dialysis which removed all added
chemicals and substrate protecting the active center.

The

inactivation of the enzyme during active center labeling with
radioactive NEM at a molar ratio 1:100 (enzyme:NEM) was
found to be complete in about 30 minutes at room temperature
as shown in" Figure 12.
G.

Diagonal Electrophoresis
This technique has been successfully used by many

investigators for the detection and characterization of
disulfide bonds in a protein (33,34).

Following the first

electrophoresis of the tryptic digest of £-methylaspartase,
the paper was treated with performic acid fumes so that any
disulfide bonds would be oxidized.

A peptide with an inter

chain disulfide bridge will be broken down into two smaller
peptides each possessing a single cysteic acid residue where
as a peptide with an intrachain disulfide linkage would now
possess two cysteic acid moieties.

Consequently, all

modified peptides become less' positively or more negatively
charged.

They will show a different mobility in the electri

cal field in the second dimension electrophoresis and lie off
the diagonal line.

Our results on |3-methylaspartase are

shown in Figures 13 and 14.

At pH 3.6, all peptides bear

positive charges and none of them lies off the diagonal.

At

pH 6.5, the separation is not as good as that at pH 3.6.
There are two ninhydrin-positive spots, presumably repre
senting more than 2 peptides, moved toward the anode with no

Figure 12
Inactivation of j3-methylaspartase by NEM at room
temperature (25°C.).
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Figure 13

Diagonal peptide map of tryptic digest of
j3-methylaspartase.
dimensions.
strip.

Electrophoresis was at pH 3.6 in both

The origin is the vertical line on the sewn
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Figure 14
Diagonal peptide map of tryptic digest of j3-methyl~
aspartase.
dimensions.
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Electrophoresis was at pH 6.5 in both
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o
%

€>,
O

0
b o

-j
I—*

72
peptide lying off diagonal.

These results indicate con

vincingly that there is no disulfide linkage present in
j3-methylaspartase.
H.

The Number of Sulfhydryl Groups

Involved in Catalysis
The inactivation of the enzymatic activity as a
result of incubation with different concentrations of pCMB
is shown in Table IV and Figure 15.

TABLE IV
INACTIVATION OF jB-METHYLASPARTASE BY
p-CHLOROMERCURI BENZOATE
A A/min
at 240 m f j ,

Molar pCMB
Molar enzyme

0.470
0.237
0.080
0.000
0.000
0.000
0.000

0
1
2
3
4
5
6

Activity
remaining

%

Inactivation

100
50.5
17.7
0.0
0.0
0.0
0.0

When one sulfhydryl group was modified,
enzymatic activity was lost.

%

0
49.5
82.3
100
100
100
100

50% of the

Activity was completely lost

when 2 sulfhydryl groups were combined with pCMB.
and Bright (7) have reported the same finding.

Hsiang
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Figure 15
Inactivation of /3~methylaspartase by different con
centrations of p-chloromercuribenzoate.

The incubation was

carried out at room temperature for 30 minutes.

Percent

inactivation was calculated against a control sample with
no pCMB added.
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I.

Separation of the Essential Sulfhydryl-Containing

Peptide and Its Amino Acid Composition
Radioautography after 24 hours exposure of the
electrophoregram to Kodak KK X-ray film revealed a single
band.

However, after 72 hours exposure, there were also 4

weak bands as shown in Figure 16.

This is compatible with

the cation exchange chromatographic profile (Figure 9) of
the tryptic peptides in which minor peaks were observed.
The major radioactive band which embodied the essential
-SH-containing peptide was cut out and sewn onto a fresh
piece of filter paper.

Descending paper chromatography

followed by second radioautography showed one major and one
minor band (Figure 17).

The major band was cut out and

eluted with 10% acetic acid overnight in a closed Pyrex
glass cylinder.

In another independent experiment, the

major band was chromatographed again using a different sol
vent system, followed by radioautography (Figure 18) and
elution.

After lyophilization the peptide was hydrolyzed

and the resultant hydrolysate analyzed on either a Beckman
Model 116 or Model 120 Amino Acid Analyzer.

The amino acid

compositions of the active center peptide from these two
experiments are shown in Table V.

Figure 16 (left)
Drawing of the radioautogram of the paper electropherogram of the tryptic
peptides of C14-NEM labeled j3-methylaspartase at pH 3.6. The major band was cut
and chromatographed.

Figure 17 (middle)
Drawing of the radioautogram of paper chromatogram of the major band cut
from the electropherogram.
The solvent system for chromatography was butyl
alcohol:acetic acid: water.
Dotted lines indicate the sewn-on strip. The major
band was cut and eluted in one experiment, or chromatographed again in another
independent experiment.

Figure 18 (right)
Drawing of the radioautogram of the major band cut from the first chromato
gram.
The solvent system for the second chromatography was sec-butuy alcohol:
formic acid:water.
Dotted lines indicate the sewn-on strip. The radioactive
band was cut. and eluted for amino acid analysis.
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TABLE V
AMINO ACID COMPOSITION OF j3-METHYLASPARTASE ACTIVE
CENTER PEPTIDE9 AND OF /3-METHYLASP ARTASE
■Amino Acid

Lysine
Histidine
Ammonia
Arginine
Tryptophan
Aspartic acid
Threonine
Serine
Glutamic Acid
Proline
Glycine
Alanine
1/2 Cystine
Valine
Methionine
Isoleucine
Leucine
Tryosine
Phenylalanine

-SH-Containing
Peptide
Exp. 1 Exp. 2
2

2

2

2

7
1

8
1

4
2
7
5
lb
2
1
2
1
1
1

4
2
8
5
lb
3
1
2
1
1
1

£-Methylaspartase
By Williams
By Hsiang and
and Libano
Bright (7)
(9)
72
66
18
16
87
58
46
4
108
108
44
45
14
19
88
90
27
• 24
81
84
86
86
13c
20d
74
72
36
32
58
60
58
61
23
27
29
32

a/3-methylaspartase contains two active centers per
mole.
The composition shown here represents one active
center peptide.
^As S-succino-cysteine, fK^C'CHCNE^)-CI^'S*011(00215) •
C H 2 ’C02H, the hydrolysis product of NEM-cysteine.
cSum of cysteic acid and 1/2 cystine.
^The value derived from performic acid-oxidized
samples.

DISCUSSION
The discussion of results has been divided into two
parts consistent with the experimental work:

(A) studies on

subunit structure, and (B) the amino acid composition of the
substrate-binding peptide.
A.

Studies on Subunit Structure
The subunit concept of high molecular weight proteins

was first proposed by Svedberg in 1938 (55).

He suggested

that the protein molecule was made up by successive aggrega
tion of definite basic units; however, only a few of the
aggregations were suspected to be stable.

This concept led

to studies on the dissociation and association of many
proteins and enzymes.

It has been observed that by altering

the physical environment, the molecular weight of many pro
teins is profoundly affected.

Insulin, for instance, is

dissociated into two identical component units with molecular
weight of 5,733 each, and its association is affected by the
ionic strength of the solution (56).

The dissociation of

normal adult hemoglobin into two alpha and two beta chains
is well known.

At acid pH values, hemoglobin is reformed

from heme and globin.

The reconstituted hemoglobin has the

same conformation as the native form.
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This is indicative of
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the fact that the secondary, tertiary, and quaternary struc
tures are dependent upon the specific amino acid sequence of
the linear polypeptide chains.

A table listing nearly all

of the well-known proteins made up of subunits has recently
been published (57).
AspaVtase, molecular weight approximately 180,000,
was the first of the amino acid ammonia-lyase family reported
to have subunit structure (58).

It was cleaved by p-chloro-

mercuribenzoate (pCMB) into four subunits.

The active

tetramer was regenerated by treatment with mercaptoethanol.
Hsiang and Bright (7) reported that./3-methylaspartase dis
sociated into two dimers when it was treated with urea and
with guanidine hydrochloride.

These authors also reported

the dissociation of /3-methylaspartase into four monomers when
the enzyme was treated with pCMB; however, no details were
given.
The studies reported here indicate that /3-methyl
aspartase is a tetramer composed of two X and two Y subunits.
This conclusion is based on evidence obtained from (1) poly
acrylamide gel electrophoretic patterns;

(2) counting of

tryptic peptides obtained by peptide fingerprinting;

(3)

counting of C-^-NEM~labeled -SH groups obtained from totallylabeled enzyme; and (4) determining the number of catalytically active -SH groups per mole obtained by pCMB titration
of enzyme.
listed.

These experiments are now discussed in the order
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1.

Polyacrylamide gel electrophoresis studies.— Our

polyacrylamide gel electrophoretic patterns of /3-methylaspartase treated with urea, with guanidine hydrochloride
and with heat (on diluted enzyme solutions) all showed a
small amount of denatured and insoluble protein precipitated
in the sample slot.

The major part of the treated enzyme

appeared as a moderately diffused band having a mobility
about 48% of that of the native enzyme.

This is believed to

be a proof of the dissociation of the enzyme, a tetramer,
into polypeptides of smaller sizes, probably monomers (see
later discussion).

Whether a band represented a single .

species of polypeptide or a mixture of different polypeptides
could not be judged from these data.
When pCMB of different concentration, namely 1.0- to
10.0-fold in excess to that of the total -SH groups of the
enzyme, was used as the denaturing agent, two discrete bands
were observed.

The first one

(Band A) moved faster and the

second one (Band B) moved slower than the native enzyme.

The

relative mobility of Band A and Band B to the native enzyme
was 1.2 and 0.8, respectively.

The amount of Band B

increased at the expense of the Band A which is the final
product of dissociation under our experimental conditions.
If we assume Band A is M/2 of the native enzyme, then Band B
undoubtedly represents M/4 or even smaller species of
polypeptides.
The dissociation of j3-methylaspartase into Band A and
Band B and the amount of each species formed as a function
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of pCMB concentration are illustrated in Figure 19.
Acrylamide gel is known to separate molecules on the
basis of the difference in electrical charge as well as
molecular size or shape.

It may seem puzzling at first that

the M/4 species moved slower than the M/2 species or the
native enzyme, both of which possess a larger molecular weight
and size.

This discrepancy may be explained by considering

the difference in the conformation of different species.
/3-Methylaspartase has been suggested to be a compact
globular molecule from ultracentrifugation studies (7).

At

pH 6.5, it is negatively charged, primarily because of its
high content of acidic amino acid residues.

To retain

globular shape, /3-methylaspartase must maintain its specific
secondary, tertiary, and quaternary structure.

This is a

result of its particular amino acid sequence, intra-unit and
inter-unit polar and apolar bondings, electrostatic inter
actions, and covalent interactions.

When pCMB is used to

treat the native enzyme, it first reacts with exposed sulf
hydryl groups and then the less accessible ones.

The protein

molecule may be gradually pried open and some of the secondary,
tertiary, and quaternary structure altered due to the rela
tively large molecular size of the reagent which exerts a
"squeeze in" effect.

The net result is the further unfolding
s

of the protein, which in turn, makes previously buried
sulfhydryl groups available to react with pCMB.
Although there are not sufficient data to show the
relationship between the frictional retardation coefficient
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Figure 19
The dissociation of /3-methylaspartase into dimers and
monomers in the presence of pCMB.
Solid line : monomer
Dotted line: dimer
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and the molecular size of the sample, the retardation may be
expected to be proportional to the radius of gyration of the
corresponding ion (59).

For polyacrylamide gel electro

phoresis, the retardation would be proportional to n (the
number of amino acid residues) if the polypeptide chain is
unfolded and fully extended, to

x h

if the chain is unfolded,

O
but flexible and in a random configuration, to n 2 if the
chain is not completely unfolded.

It is clear, therefore,

that the retardation toward the M/4 species should be much
greater than the retardation toward the M/2 species since
the M/4 species is very likely unfolded to a higher degree
than the M/2 species.

In these experiments, as one might

predict, M/4 moved much slower than M/2.

The Same consider

ation may be used to account for the relative mobilities of
the M/2 species and the native enzyme.
.Nothing is known about the native state of globular
j3-methylaspartase, nor is much known about the nature of the
forces involved in the maintenance of its compactly folded
molecule, except there is no evidence for the presence of
any disulfide bridges (as described elsewhere in this paper).
The absence of disulfide linkage leads us to believe that the
tertiary structure of the enzyme is stabilized solely by noncovalent forces, as is the quaternary structure of the enzyme.
Knowledge of the type of bonds or the nature of the
forces involved in the stabilization of the native configura
tion of a protein will normally -provide some insight into the
protein structure.

A powerful technique to gain information
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concerning the bonds and forces is to denature the protein
with different denaturing agents.
Different denaturing agents often bring about dif
ferent configurational changes, and the same reagent may
influence different globular proteins in quite different
ways.

The primary action of pCMB on /3-methylaspartase is

presumably due to the formation of mercaptides which render
sulfhydryl groups unavailable for structural maintenance.
This results in the dissociation of the enzyme into dimers
and monomers.

It may be thus concluded that the stabilizing

forces of the non-covalent bondings involving -SH groups
contribute not only to the tertiary, but also to the quater
nary structure of /3-methylaspartase.
Urea and guanidine hydrochloride are believed to alter
profoundly the non-covalent bondings which play a dominant
role in stabilizing the molecular configuration, resulting
in unfolding of compact molecules into extended random con
figuration.
The statement that the action of urea is to disrupt
intra-molecular hydrogen bonds has been widely accepted and
quoted.

However, Levy and Magoulas

(60) have shown that the

hydrogen bondings of dicarboxylic acid solution were not
affected by 8 M urea.

When the solubility of amino acids in

water, ethanol and 8 M urea were compared, Whitney and Tanford
(61) demonstrated that the urea favored the dispersion of
amino acids with hydrophobic side chains.
is probably twofold.

The action of urea

The first is that urea readily forms

urea-water clusters at the expense of the structural water
around the protein molecule.

The deprivation of the hydrated

water weakens the hydrophobic bondings and results in the
modification of protein tertiary structure (62).

The second

action is that urea, as well as guanidine hydrochloride,
reacts in some way with the amide and peptide groups of the
protein by a non-hydrophobic mechanism, thus causing the
change in tertiary structure.

The protein must open up,

becoming more and more soluble until it is completely un
folded (63,64).
In contrast to previous reports (7) that 8 M urea or
6 M guanidine hydrochloride resulted in dissociation of
/3-methylaspartase into dimers, our study showed that the
enzyme dissociated into monomers in both cases. The dissociated
subunits resulting from urea, and guanidine hydrochloride, as
well as those subunits produced by heat treatment are
believed to be more completely unfolded and extended than
their counterparts obtained with pCMB treatment.

The sluggish

mobility of the subunits observed in gel electrophoresis is
taken as the supporting evidence for this statement.

The

lack of sharp boundaries is presumably caused by the pro
longed period of treatment.

It was demonstrated that

increased time of heating of the gelatin resulted in a grad
ual disappearance of sharp boundaries in gel electrophoresis
(65).

Also, the fact that there is always some protein

precipitated at the origin is suggestive that a part of the
enzyme had bean treated to the point that it is completely

denatured, hence insoluble.
Although many enzymes are inactive in urea solution
and regain activity when the urea is dialyzed away, the urea
treatment of /3-methylaspartase in our study proved to be
irreversible.

There were no differences in the electro

phoretic patterns when the dissociating agent was removed by
dialysis prior to electrophoresis or when it was still
present.

It is speculated that the secondary and tertiary

structures of the^ monomers formed by urea treatment are
extremely disrupted.

This configuration, while still allowed

by the primary structure, did not support the reformation of
the non-covalent bondings as present in the native state.
similar finding was reported by Poulik (66).

A

He found that

urea remarkably dissociated ceruloplasmin, and the subunit
remained soluble after the removal of urea.
Sodium dodecyl sulfate (SDS), a preferred dissociating
agent in ultracentrifugation studies on protein dissociation,
did not exhibit any dissociation effect on /3-methylaspartase
even at a concentration as high as 0.12 M.

The denaturation

of protein by SDS and other synthetic detergent appears to be
caused by electrostatic forces.

Sodium dodecyl sulfate,

anionic in nature, has been shown to precipitate proteins
only in the cation form.

Precipitation ceased when the pH

was brought above the isoelectric point of the protein (67).
It is noted that in the electrophoretic patterns, there is a
fast-moving but rather diffused streak ahead of the unaltered
enzyme.

This streak is of doubtful significance since it
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represents only a very small portion of the sample.
SDS treatment, although it did not denature the enzyme,
did provide information on one of the important properties of
/3-methylaspartase.

The inability of SDS to alter the enzyme

at pH 7.8 indicated that the isoelectric point of /3-methylaspartase is lower than pH 7.8.
Heat treated (60°C. or 100°C) diluted /3-methylaspartase
produced the same electrophoretic patterns as those obtained
from urea- or guanidine hydrochloride-treated samples.

How

ever, when undiluted enzyme (7 mg/ml) was heated under
identical conditions, no subunit formation was detected but
all the enzyme precipitated.

Since the only difference was

the concentration of enzyme solutions, one is tempted to
speculate that in the latter instance there might take place
aggregation of the unfolded subunits.

Some of the newly

exposed -SH groups, which were originally in a buried state,
are presumed to be one of the contributing forces in this
aggregation.
Hsiang and Bright have reported orally

(68) that the

four subunits obtained by treatment of /3-methylaspartase
with excess pCMB migrated as one peak in the ultracentrifuge.
The sedimentation coefficient indicated a particle weight of
25,000.

Difference between these subunits must, therefore,

be attributable to characteristics other than size and shape.
Our studies on electrophoretic behavior of subunits
on polyacrylamide gel supports this position.

The non

identical monomers have the same mobility, indicating
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similar hydrodynamic characteristics and charge density.
i

2.

Peptide fingerprinting studies.— Although many

large protein molecules dissociate into identical smaller
subunits, it does not necessarily follow that this is true
with every protein.

For example, the subunits of hemoglobin

and aspartyl transcarbamylase are not identical.

Therefore,

the question as to whether the subunits of /3-methylaspartase
are identical or not is of vital importance.

The finger

printing technique has been widely used as an aid in the
identification of subunits in recent years.

The protein is

first hydrolyzed by trypsin, and the resultant peptide
mixture is then separated by paper chromatography in con
junction with high voltage electrophoresis in the second
dimension.

The number of peptides that are produced by

trypsin digestion of a polypeptide chain should in theory be
equal to the sum of arginine and lysine residues plus one if
the carboxyl terminal is not lysine or arginine.

If there

are subunits, the number of peptides would be proportionately
less, and would be equal to the total number of arginine and
lysine residues divided by the number of subunits if they are
all identical.
Our peptide mappings (Figures 5 and 6) with two dif
ferent solvent systems showed 45 and 55 ninhydrin-positive
spots, respectively.

The lower number of spots that appeared

in the first map is undoubtedly due to incomplete separation
during paper chromatography.

The second map, which shows 55
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peptides, is considered to have at least three overlapping
spots.

Therefore, the total number of peptides resulting

from trypsin digestion is more likely to be 58 or more.
It is well known that the peptide bond between lysine
and proline and between arginine and proline completely
resist trypsin action.

Also, the carboxyl terminal lys-asp

bond of /3-melanocyte-stimulating hormone (/3-MSH) is not
hydrolyzed by trypsin.

Polypeptide chains which contain

adjacent lysine or arginine residues, or adjacent negatively
charged residues such as glutamic acid, aspartic acid, and
peptide bonds such as asp-lys-leu and asp-lys-ala frequently
prove to be resistant to or are only hydrolyzed slowly by
trypsin.

Therefore, the minimum number of tryptic peptides

could be no fewer than fifty-eight.
The sum of arginine and lysine residues of /3-methyl
aspartase has been reported to be 112
(9) by different investigators.

(7), 120 (69) and 130

Assuming every peptide bond

involving arginine or lysine is cleaved, the corresponding
number of tryptic peptides from identical dimers would then
be 57, 61, or 66 and from identical tetramer units would be
29, 31, or 33, respectively.

From this evidence, the

possibility of four identical monomers is definitely ruled
out.

If this were the case, there should be no more than 33

tryptic peptides.

Since /3-methylaspartase has been shown to

be a tetramer, it must consist of two identical dimers which,
in turn, must consist of two non-identical monomers.

These

two identical dimers may be regarded as protomers according
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to Monod .et al.

(70).

This structure may be depicted as

follows:

One item of evidence not necessarily supporting the
identical dimer concept was obtained by N-terminal amino
acid analysis.

Edman degradation experiments revealed only

one N-terminal amino acid, this was methionine.

-It is pos

sible that two different monomers all have the same N-terminal
amino acid, or the N-terminal amino acid on one of the
monomers could be unreactive toward the reagents, such as an
acetylated amino acid.

It is our present belief that the

subunit structure of /3-methylaspartase is somewhat analogous
to that of human adult hemoglobin, except the former does
not contain the heme part.

Hemoglobin consists of two

&

and

two /3 chains of approximately the same molecular weight and
size and both have the common N-terminal amino acid, valine.
3.

Studies on enzyme labeled with C-^-NEM.— The two

identical dimer structures are also substantiated by our
measurement of the sulfhydryl content by radioactive NEM
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labeling followed by tryptic digestion, cation exchange and
Sephadex chromatography.

As reported in the preceding

chapter, we found the total -SH content to be 16 per mole.
Two identical dimers containing a total of 16 -SH groups
would give 8 radioactive-labeled sulfhydryl-containing peaks
whereas 4 identical monomers would only give 4 such peaks
during chromatography.
It is interesting to note that a total -SH content of
20 per molecule of enzyme which was thought by Hsiang and
Bright (7) to be the most reliable figure obtained by Moorestein amino acid analysis of performic oxidized enzyme appears
to be too high.

However, their results from N-ethylmaleimide

and also from pCMB titration
our finding.

(15 to 18 groups) are closer to

As was previously noted in this report,

counting of -SH groups by separation of C ^ - l a b e l e d peptides
is believed to be more reliable since there is less danger of
misinterpretation involved.

Only the major peaks are counted

in Figure 9, whereas all of the non-SH groups reacting with
NEM or pCMB will be included in a spectrophotometric titra
tion .
4.

p-Chloromercuribenzoate studies.— Our study on the

inactivation of the enzyme by pCMB showed that two sulfhydryl
groups are involved in catalysis.

When one of these two

sulfhydryl groups reacted with pCMB, the catalytic activity
was abolished by 50%.

This concomitant and stoichiometric

inactivation not only further substantiates the involvement

of -SH groups in the active center, but provides the number
of active center per mole of enzyme as well, because the
number of moles of labeling agent required for complete
inactivation should theoretically equal the number of active
centers per mole of enzyme.

Hsiang and Bright (7) have

reported in experiments with pCMB that there are four fastreacting -SH groups per molecule of enzyme, but that catalytic
activity is lost after mercuration of two groups.

The two

-SH groups essential to the catalytic activity are the two
most reactive cysteine residues.

If /3-methylaspartase is

composed of more than two identical subunits, then there
should be more than two active centers per mole.

Therefore,

it seems plausible that each protomer contains one essential
sulfhydryl group in its active center.

This essential -SH

group would then be present on the surface of one of the
component monomers which make up the protomer.
Since /3-methylaspartase appears to be composed of two
identical protomers, each containing one essential -SH group,
and the modification by pCMB of one single -SH group leads
to a 50% loss in catalytic activity, it will be interesting
to find out in the future whether the protomer itself is
catalytically active or whether the tetramer is the only
active form.
When the addition of one mole of pCMB causes a 50%
loss in activity, there is a statistical probability that
inactivation has occurred in two ways:
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(1) Both -SH groups in half of the tetrameric enzyme
were modified while both -SH groups of the other half of the
tetrameric enzyme remained unchanged.

Thus, the first half

was completely inactive and the second half was fully active.
The net loss was 50%.
(2) One of the two -SH groups of all the tetrameric
enzyme was modified while the other -SH group remained
unchanged.

Thus, each tetrameric enzyme was only 50% active. •

The above interpretations may be graphically illus
trated as follows:

100% Active
Overall:

Inactive
50% Active
S ;
£ :

50% Active
Overall:

50% Active
50% Active

Unchanged Sulfhydryl Group
Modified Sulfhydryl Group

We have no way at present to distinguish between these
alternatives.

Probably both occur.

The two active centers appear to function independently
since there is no kinetic evi.dence for allosteric inter
actions of substrate.

Therefore, unless essential conforma

tional changes are dependent upon tetramer formation, a

96
protomer composed of an X and a Y subunit should be fully
active.
B.

Amino Acid Composition of Active Center Peptide.
Amino acid analyses of the active center peptide were

carried out on two independent samples.

The first one was

isolated and purified by high voltage electrophoresis and
paper chromatography from a four-hour tryptic digest of
C ^ - N E M labeled /3-methylaspartase, denatured in boiling
water.

Its composition is shown in Table V, Column 1.

The

fact that it contained two lysyl and two arginyl residues is
rather surprising and unexpected since normally a tryptic
peptide should contain a single lysyl or arginyl residue.
It was suspected that this unforeseen result was due to one
or a combination of the following factors.
First, incomplete denaturation prior to tryptic
digestion.

It is well known that a protein must be suffi

ciently denatured before it will be hydrolyzed by proteolytic
enzymes because of the unique structural difference between
native and denatured proteins.

In the course of this study,

it was noted repeatedly that the selectively labeled enzyme
always exhibited resistance to boiling water denaturation.
Whereas the totally labeled enzyme precipitated in a few
minutes after it had been placed in boiling water, the
selectively labeled enzyme yielded only a small amount of
precipitate under the same conditions even after 15 minutes
of treatment.

Although the amount of precipitate can not be
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taken as the sole criterion of denaturation, it nevertheless
served as an indication that the selectively labeled enzyme
was unfolded to a lesser extent than the totally labeled
enzyme, and that it retained some of its original conforma
tion.
In the case of total labeling, the added NEM reacted
with both the exposed and buried sulfhydryl groups because
the denaturing agent, guanidine hydrochloride, opened up the
folded structure of the enzyme.

As a result of complete -SH

modification, the enzyme was not able to return to its
native conformation and remained unfolded.

Thereafter the

protein was readily denatured by boiling water.
-In the case of selective labeling, since there was no
denaturing agent added to the reaction mixture at any time,
NEM reacted only with the exposed -SH groups.

Those -SH

groups located in sterically shielded positions were not
modified but remained intact during the first alkylation
step with non-radioactive NEM.

They were also not

appreciably alkylated by the C ^ - N E M in the later treatment.
It was postulated, therefore, that the locally intact con
formation resulting from the stabilizing effect of these
unaltered -SH groups exhibited resistance to boiling water
denaturation, and hence was not susceptible to the subsequent
tryptic digestion.
Second, incomplete purification of the peptide.

Since

the tryptic digest of the enzyme consisted of approximately
58 peptides, it might be possible that the active center
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peptide was contaminated with another peptide due to insuf
ficient purification.
In order to eliminate the above possible source of
error, an independent experiment was then carried out with
the following modifications in procedure.
1.

After C ^ —NEM labeling of the essential sulf

hydryl group and the removal of excess reagent by dialysis,
the enzyme, while still in the dialyzing bag, was immersed
in a two-fold volume of 6 M guanidine hydrochloride solution
containing 100-fold non-radioactive NEM (molar ratio of
enzyme to NEM, 1:100) for 12 hours and then dialyzed
exhaustively against water in the hope that the -SH groups
newly exposed as a consequence of the unfolding of the
protein by guanidine hydrochloride, would be alkylated by
non-radioactive NEM.

The protein would thus be prevented

from returning to its original conformation or forming
disulfide bonds.

It was noted that in the dialysis against

water after denaturation, a large amount of protein precip
itated. in the first hour, indicating that the enzyme was
more extensively denatured.
2.

The time for tryptic digestion was prolonged from

4 hours to 9 hours and also, the amount of trypsin used was
increased from a total of

5 %

to 10% in order that the diges

tion would be as complete as possible.
3.

For the purification of the active center peptide

after tryptic digestion, one more step was employed.
peptide mixture was first separated by high voltage

The
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electrophoresis, followed by two paper chromatographic
separations using two different solvent systems in the
expectation that a complete purification might be achieved.
The amino acid composition of this peptide is shown
in Table V, Column 2.

The result is essentially identical

with that of the first experiment.

Therefore, it was con

cluded that the first sample had indeed been satisfactorily
denatured and purified.
The content of asparagine and glutamine was not
determined but is included in the total aspartic and glutamic
acid.

Hsiang and Bright (7) have reported that there are 87

amide derivatives out of the sum of 108 aspartic and 90
glutamic acids.

Therefore, if the distribution of

asparagine and glutamine is uniform throughout the protein,
approximately half of the aspartic and glutamic acid residues
found in the active center peptide should be in the amide
form.
It has been reported that some of the peptide bonds
involving arginine or lysine are resistant to trypsin
hydrolysis.

They are summarized in Table VI.

Since there are 2 lysly, 2 arginly, 2 prolyl, 4
alanyl and a number of aspartyl and glutamyl residues in
addition to other residues, the possibility of having three
peptide bonds involving arginine or lysine but resistant to
tryptic hydrolysis, as listed in Table VI, appears to be
highly probable.

It is reasoned, therefore, that the rather

unusual primary structure of this tryptic peptide is
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TABLE VI
TRYPSIN-RESISTANT BONDS INVOLVING ARGINYL OR LYSYL RESIDUE
Protein or Peptide
Corticotropin
(71)

Trypsin Resistant Bonds
-Lys-Arg-*
16 17
-Arg-Arg-*
17 18
-Arg-Pro18 19
-Lys-Pro11 12

Oxidized Ribonuclease
(72)

,.H*.Lys-Glu1
2
-Lys-Pro41 42

O-MSH

(73)

-Lys-Pro11 12

/3-MSH

(74)

-Lys-Asp* OH
17
18

Glucagon

(75)

-Arg-Ala-*

*20% (maximum) hydrolyzed by trypsin.
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responsible for its relatively large size.

However, the

possibility of highly stable tertiary folding in this
particular region cannot be ruled out completely until the
full sequence of this peptide has been elucidated.
The possible participation of a histidine residue at
the active center of /3-methylaspartase has been suspected by
Williams and Selbin (10).

Imidazole groups are of great

importance in the catalytic activity of many enzymes, such
as ribonuclease and /3-galactosidase, and chymotrypsin is
probably the best example.

The -OH of serine is also a

common essential group of many hydrolytic and transfer
enzymes.

Neither histidine nor serine was present in our

.active center peptide.

The absence of these two residues

substantiates indirectly the essentiality of the -SH group
of the cysteine residue at the active center of /3-methylaspartase, since it leaves us with few other choices for the
nucleophilic base required by the mechanism.

Other possi

bilities would be the phenolic hydroxyl of tyrosine and
ethereal sulfur of methionine.
If binding of substrate is entirely electrostatic,
the number of basic and acidic side chains is more than
adequate for 3-point attachment of the fully dissociated
substrate.

If an alhyl-binding site is involved, as

suggested by steric considerations

(9,30), the number of

hydrophobic side chains contributed by alanine, valine,
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leucine and isoleucine is sufficient to create a strongly
hydrocarbon solvent environment for the /3-alkyl side chain
of the substrate.

\
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